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AIISTRACT
One-dimensional time dependent calculations clf gco]nctrically  thin accretion discs
botindary layers in pre-main sequence st am arc carried out for mass accretion rates
in the range M = 5 x 1 0-7 - 10’ 4M0/y, a = 0.005- 0.3 and different inner boundary
conditions on the temperature. ‘1’wo kinds of solutions arc obtained: solutions with a
distinct the;rnal boundary layer coxnporlcnt  and solutio$withou\$~ermal  boundary I!
layer. For M up to N 10”-51vf0/y, and for a > crCritjC w 0.04, solutions with a thermal
111, arc obtained. l’or M = 10- 4M0/y or for a < ~critic,  solutions without a thermal
III, arc obtained. The inner boundary condition Fr = ~ Uljjj leads to hotter solutions
and higher threshold values ~Criticj  while the non-flux boundary condition dT/dr == O

leads to cooler solutions. For very low mi~s  accretion rate (M w 5 x 1 0-7 M0/y), the
-tc~npcraturc in the disc drops Lclow 104K and tllc ionization front is adjacent to tlic
outer edge of the hot thcrrnal boundary layer. III the vicinity of the ionization front,
the medium bccc)mcs slightly optically thin.

Kcy words: accretion, accretion discs - mcthocls:  nurrlcrical

1 IN’J’RODUCTION

It is now commonly trclicvccf  t}mt lTauri systems are stara
in early stage of evolution: prc-main  sequence stars accret-
ing matter from a disc, remancnt  of a protostellar  cloud.
CircumsLcllar gas around lTauri stars has indeed been dc-
tcctcd  in t}lc radio frequencies (Sargel]t and Ilcckwith,  1991)
and in several CZWCS, the velocity field of the circumstel-
lar gas appears to bc consistent with that of a Kcplcrian
disc (Kocmcr, Sargent and Ilcckwith  1993, Kocrrrcr and
Sargent. 1995). ‘1’l’auri  stars spectra, furlhcrmore,  display
strol]g ultraviolet ald infrared cxccsscs  when compar-cd to
main scqucncc  stars of similar spectral type. In order to
rcproducc  t}lc observed spectral shapes and continuum of
Iwl’auri stars, accret ion  d iscs  wit]) IIour,dary I,aycrs (111,)
have been invoked with ma% accretion rates in the range
i4 F3 1 0--9 h40/y UI> to 5 x 1 0 ”  7h40/y  (I]crtout,  Ilawi  ancl
]Iouvic!r 1988, J1artigan CL a]. 1989, llawi a n d  Jlcrtout  1989,
IIarLigall ct al. 1991, l]ouvicr  and I]crtout  1992, Ilcrtout  ct
al. 19!)3). ‘1’hesc models  take into account the Iulniuosity  c,f
the star, the 111, and disc (including absorbed stellar flux).
l’licy all suggest 111, tcmpcraturcs  70001{ < 7’IIL < 11000K
and M x 10– 7 MO/y. It seems that in this regime of M, the
111, bcconms  optically  thin (Ikm-i and Dcrtout  1989, IIar-
tigan ct al. 1989). Obviously, accrctiorl discs }31,s rnodcling
is strongly nccdcd in orclcr to model the spectra of 1“1’auri
stars. First results of steady state calculations of 111. models

(Popham  et at. 1993, I,ioure and 1,.s Contel  1994 and Regev
and Bcrtout  1995) arc in agrccrncnt  with the observations.
The results show a strong dependence on physical assump
tions such as the inner boundary conditions on the temper-
ature, the vafuc of the viscosity parameter a and even the
mcthocl of solution (Rcgcv ancf Bcrtout  1995). Furthermore,
a major subject of concern in modeling is t}lc opacity law}

which trcai rncnt has been neglcctcd  in the low temperature
r cgimc  (1’[@am ct al. 19!)3, l,ioure and 1A Contcl 1994),
thcrcforc,  ],naking these models inactcquatc to rcproducc  the
rffccts  of tllc opacity “gap” on t}lc cool solutions, character-
istic of the low maw accretion rate modcfs.

Modeling c,f accrctic,n  discs 111,s in prc+main  sequence stars is
also irnpo] [ant to ur}dcrstarld  tllc NJ Orionis objects. These
systems ar < bclievccl  to be ‘1”1’aun stars which undergo out-
burst and i, icr-case their Inass acclction  rate by several orders
of rnag[lit{ldc, from ~ .V lo-7h40/y up to M N 10--4 MO/y
(I,iu and I’apaloizou  1985). ‘lkcatmcnts  of Fu Orionis  do not
i]lcludc 111, regions, but  i],stcad it is a,,sumcd t}lat the disc
exLcnds u]> to tl]c stellar surface (KcIIyon,  I Iartmanrl and
} Icwctt  1988).  Stability analysis (Cla~k~,,I,in and Paploizou
1989, Clarke, I,in and l’r inglc 1990) ha;e s%own that the pcr-
t urbation (,f a low mass accretion rate disc around a TI’auri
star can produce 1~’tJ Orionis behaviour,  by triggcnng  the
thermal ionization instability when the disc
~,art,ially i(,I]izcd at sonic  il,tcmaecfiate r a d i u s

mid-plane is
(I,in  and Pa-
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pafoizou  ~985).  T'}lcsc systcnls  llavcmionizat,ion frorltwllicli
scparat  allot (iollizcd)  phascfroma c o o ]  (nmrtral)c,nc.  Ob~

viously,  thcopacity dccrcascsby scvcralordem of magnitude
( “ g a p ” )  asoncrnovcs fromt}mh otr-egion( 7 ’>  104K)to
t.hecooler  onc  (2”< 104 K). Timcdcpcndcnt models (Ilclls,
Lin and Ruden  1991, Bell and Lin 1994 and EM ct al. 1995)
have been invoked to rcproducc  the rising and falling lumi-
nosity curves of W Orionis during outburst. These models
assum.c a Kcplcrian  disc, without BL,  with mass accretion
rate M = (1 — 10) x 10–6M0/y and cr = 10--X, 10-’4, in order
to fit t}lc observed time dcpcndcnt  light curves of Fb Ononis
outburst .

It is the purpose of this paper to provide mom  details on
the inner part of the disc in pre-main  sequence stars. The
IIL is important not only bccausc  up to half the accretion
energy can bc released there, but mainly bccausc  Lhe stan-
dard d]sc  model is not appropriate when fl # ~K, F. # O,
PBL < <  Vdisc and El?L < <  ~dicc. This is especially true
when ~ is large and a is small (like in FU Orionis, Bell CL
al. 1995).  In this case the non-Keplcrian  inner part of the
disc extends outward up to several stellar radii (Popham  et
al. 1993 and the results presented here). In the present work,
time dependent numcricd calculations of one-dimensional
accretion disc 13L around pre-main sequcncc  stars are carried
out. The method is based on a Chcbyshev spectral method
used previously to model accretion BL around white dwarf
in Cataclysmic Variable systems (Go don 1995a, and Godon,
Regev  and Shaviv 1995), and it 11=’ been implemented to
treat discs around pm-main sequence stars. The opacity law
has been given a full treatment, in order to reproduce the
effects of the opacity gap on the solutions: the formation of
an outer cool and neutral region.

‘l%c  equations and the physical assumptions of the mod-
eling are presented in section 2. The numerical method used
to solve the equations is described in section 3. The resufts
of the numerical calculations appe

Y
in the 4th section and

are discussed in the 5t}l section. $

2  E Q U A T I O N S  A N D  A S S U M P T I O N S

2 . 1  E q u a t i o n s

The full Navicr-Stokes  equations am solved including the
gravity of the star, viscosity and radiative tr%sfer treated
in the diffusion approximation. In the hig}l temperature
regime, the effect of radiation prwswn-e  is included in the
Jkpration of State; while in the low temperature regime
%ha’s equation is used to write the “equatioq  of a partially
ionized II ydrogcn  gas. 1} m treatment is one dimensional and
the equations arc written in cylindrical coordinates (r, z, ~).
Axi-symmetry is ~ssumed around the z- axis ( $“ = O). The
disc and the 111. are assumed to bc in hydrostatic equilib
rium and gcomctnc ally thin in the vertical direction. Fo]low-
ing the usual procedur-c, the equations arc solved for the z-
intcgrated  variables. The exact form of the equations and the
pbysiczd assumptions can bc found in Godon et al. (1995).
The equations for thk integrated quantities have the follow-
ing form:
the conservation of maw

(1)

the conscrvat  ion of radial momcntrrm

the conscrvat  ion of angular momentum

and the conscr-vation  of energy

_,l(r) pdz, w is the radial velocity, fl is thewhere E = (i 1{(’)

aagular  velo[ ity, G is tbc gravity constant, M is the mass of
the star, S is the entropy, a is the Stephan-Boltzmanrr con-
st ant, c is th{ speed of light, T is the mid-plane temperature,
11 is the half  thickness of tbc  disc and K is the opacity law.
An average value of the central density PC is defined through
the relation }; = 21{(r)pc. The pressure includes the gas and
the radiation:

The radial viscous force 1“ is:

where v is the cocfflcicnt  of the shear viscosity, v, is the coef-
ficient of the viscosity in the equation of radial momcnturn,
72. is the gas constant and II is the mean molecular weight.

2 . 2  B o u n d a r y  c o n d i t i o n s

Tl,e inner bc,undary  of the cc,mputationaf  domain is the r~
tating  stellal surface (r =. R.) through wlrkh matter flows
into the star at a constant rate (~). In the present work two
different inner boundary conditions on the temperature are
considered: f mst an effecti vc photo spheric temperature is a+
sumed  for th c star 7; =: 5 x 109 K and then the temperature
gradient is chosen such that 1~~ = u~; in the second case a
non flux boundary condition dT/dr = O is imposed on the
irulcr boundary. The outer boundary of the computational
domain (located at r = 2R. ) is the irmcr edge of the disc
and rotates wit}l the Keplerian  velocity. The gas enters thk
boundary at the same rate as it leaves through the inner
boundary (~).

2.3  Init ia l  condit ions

Since the cqrrations  are tir[lc dcpcndcnt,  initiaf conditions
have to be specified. The  initial condlt,ions arc the supcrpo-
,sition of an isothermal atmosphere and an inflowing disc of
matter. llc initiaf pressure is given through the equation of
siatc. l’he irlitial radial momentum is obtained through the
relation M : z cons~. in some c~scs the steady state solutions
obtained ar~. used a< initial col)ditions  for other models.
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2.4  Viscos i ty  proscr ipt ion deve loped  I,y I,in aI,d Papa]oizou  (1985), and thcrr imp]e-
mentcd  by Bell and 1,in ( 1 !J94) in the range 7’ < 3000K.
The opacity (frcque]lcy  averaged) is writtenAn a prcscriI,tion  is usccf for t,hc viscosity (Shakur a & Sun-

yacv, 1973)  similar to the onc originally used by I)apaloizou
&n Stanley (1 986), but with cfiffcrcnt approximations:

V=crc. il, (5) where i = 1 , ..8 accc,unts fc,r cigllt different regimes of t,cm-
pcraturcxi  a~ld densities (SCC lIcII and I,in 1994 for more de-
tails). in fi~,urc 1 the or,acity is drawn as a function of the
temperature for diffcrcrlt dcr]sit,ics. ‘1’}Lc opacity “gap” O C.
curs around T = 104 K fc]r J)ract ically all densities.

where c: =: 1’1 i’/p is the sound s]>ccd, 11 = (lf-2+}fx2)-lf2
and 11~ is t}]c pressure scale height ill the ] adial direction
11. = 1’(01’/(% )--1. For higl] radial infall vclocitics,  the scale
height il can l)c wlitter]:

n == ----------- ---~ -~1--–

[’-’”+=921”2”
(6)

2.6  Optical ly  thin case.

lr, those sarnc models wt,ich required a precise desg-iption
cjf the opacity gap, optical] y thin regions develo&(sec  Re-
sults). Thcr eforc,  in these caws  an adequate treatment of
the radiatic,n flux ill t}lc linlit of optically thin medium is
aJ)plied: a ~mcscription  similar to t}lc onc used in I~opham et
al, (1993), 1,ascd on the anal y(ical  model of liubcny (1990)

a gcncrali~atiorl of t]]c Cray Lcmpcrature  distribution for
stellar atmosphere applied to t,hin discs, under the as.sump.
tirm of l,ocal  “I’}lcrr]]ocly[, ar]lic l’equilibrium).

T}lis  prcscliption  leads to a viscosity w]iich drops by %2
orders of magnitude in the region C1OSC to the stellar sur-
face where ~hc pr-cssurc gradient is high ar,cl the radial scale
height is smaller tl~an the vertical one.
q’o check tl:c cffcc~, of tl]c viscosity on tlie soll]tion,  a dif-
ferent a viscosity I,rcscril>tion, dcvclopcd  for rloll-}{cplerian
discs (Godo], 19951 J), is i]]troduccd  ir, tl,c calculatio,,s:

,, ,= *C,,, A4;I% I
1%1”-’

(7)
3 TIIJ3 NUMEI{ICA1, M E T I 1 O D

whicl] earl bc wl.ittc]] ‘1’lIc spatial dcperidc[]ce  of t lIC equations is treated wit}l a
Chcbyshcv  Spectral rnct},od, w}lilc a Crank-Nicholson and a
second  order Rungc  Kutta  nlctl]od  are used for t,lic time de-
pc]ldcacc  of the equatiorls. ‘1 ‘hc numerical mcLhod has been
widely dcscl ibcd  irl Godon  C( al. (1995) and Godon  (1995a).

Crrr:

‘=TH’ (8)

w h e r e  v, := M ,C8 is tt,c turbulent vclocily.  Models witl,
Iargc values of a cfcvclo[) high radial vc]ociticx.  }~’or t,}lcsc
particular cases tllc viscosily  is modified usirlg  a cocJficicnt
dcvclo])cd from a causality formalism (1’opllarn and Narayan
1992):

3 .1  The  Spectral  Mctllc~cls

1 )ctails  on the spectral methods can bc found in Canut,o
et al. (1988), Gottlicb  and Orszag  (1977) and Voigt CL al.
(1 984). Spectral mctllods  arc based on cx~)anding  the solu-
tion u(x) (c,f cqs.1-4)  ir, tcrti,s of a series of fouct,ions @n(x)
(a complete set of or thog,or,al  functions in a s~,acc  S):

()22

“+” ‘“-$3 ‘
(9)

where  ~ = 1 whcrl Mt < 1 and ~ == A4~ otllcrwisc.  IIowcvcr,
i n  tllc Inwcut calculat,lor]s  M, = I 1S assurnc d.

UN(Z) == f;an@r,(2),
n. o

Onc rcplacm  U(zj  ) by u ~(~, ) irl the solution of the initial
prc,blem (cqs.  1 -4)

2.5  7’110 o p a c i t y  l a w

‘J’}Ic o],acity  is an irn]mrtar]{ factor irl the modeling of accre-
tion discs arou]]d young stellar objects (YSO). ‘J’hc abrupt
jump in the opacity (whic]l  occurs around 1’ % 104) can
chaugc  drastically tbc  nature of disc aIId gives rise to ther-
mal ir]stabi]ity rcs[)o]lsi})lc  for t}lc outbursts seen in 1~’U Orim
nis stars. ]n tluw systrms  tile “jump” a],~)cars in t},c ioniP,a-
tion frorlt located at sr-vcral  stellar raclii (Ilcll  ct al. 1995). in
cook-r discs (with sr,tallcr rr,ass accretion rates), O,,C cxl,ccts
the ionization front to bc located at smaller radii, not very
f a r  fronl t}lc stc]lar sllrfacc  arlcl t}jc l]ottcr  111,, It is, t}lcrc-
fc,rc,  lmimorcfial to irwludc t}lc exact o])acity  law in models
of accrctioll  disc J]], arour]d  YSOS and cs}~ccially arourld  the

11 aur i stars. III previous works (steady-state cal-‘ coo ler ”  r “ ‘
culations  of l’opljani ct al. 1993 and I,iourc  and 1,C Contc]
1994) tllc o]>acity gal) is ]Iot iucludccf  in the opacity law.

(3U(2?, t)
--a&---  =  L[u(z, t)]+ J(3:, i), (11)

a~rcf dcfiucs  t~]c residue c]f L}lc al)]~roxinlatioll  UN by :

(12)

01

(13)

‘l’his residue vanis}lcs if UN is tl]c exact solution. OrIc then
nlininliT,es  ]tJJ by proj~ctirlp, it on t}lC! b?L<iS  I/Jn(X) (11=(),1,..
N) (in a sulq)acc SN of .’3) and t}lcn by dcrnar]ding  t}]at this
projection vanishes,

1(I dhis  WOK k an mtdyticd  for-in of t,tIc  opacity is used, first

—
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‘J’}m Jmojcriion  o p e r a t o r , Z’N, determines the spectra]
mct,l(od used aTd Llic apln-ox! mation  s~)acc,  .$N, i s  clct,er-
mincd  by choice  c>f Llm cxprmsion  I)olyl~onlials,

3 . 2  ‘1’hc  Chebyshcv I%udospcctrrd  m e t h o d

‘1’hc Cl@Acv cx!,ansion  is  a])propliat,c  f o r  nonpcriodic
troulldary co]lclitirr~ls  and LIIC rcl,artit,ion of the grid points
is Iligltcr at t})c bouldarics. ‘J’lm Chcbys}Icv  polynomials arc
dcfkmd w

7 : ( z )  = cos[n  arccos(z)], (15)

In this work t}lc Chcbysltcv  }’scudospcci,ral  method is used
to cvalllatc  t)lc spatial derivatives of any function u. OJ]C
expands u

N

,,=0

wllilc a,, is givc[] try

w h e r e  0’, = COS(7rj”/N),  Ifj = U(fl;j) and ZCI  =- ~JV = 2, 5, = 1
for’o<j < / v .
Onc thml rfifrcrclltiatcs t]lc cx[)rcssiorl for UN

and rewrite

duN
N-l

(fl “ za$!)~+)-
-—

,,=0

The recurrent relations bctwccn  l~(x) and
the following:

IL(z) leads to

N – 1

(1) – .<. - ,*P ,a,, –
Cn L n==o, l,.. fv.

?= ~,+ 1,2

w h e r e  co = 2, Cj . 1 for O < j < N a~ld ]J==J1+-I ,2 nlcarls
p=m+ 1 by 2.

4 R E S U L T S

In all rlunlcrical models prcscr)tcd  llcrc  the accrcLing star
Ims a radius 1{. = 4.3 R@, mass M = 1 x M O  a n d  0. =
0 . 1  x  QI<(lf. ). ‘J’IIc  paranlctm-s  wl]icll arc cllangcd  frorll
ulodcl  to Illodcl arc t}lc cr viscosily  l)aralllctcr,  t}kc flux col)-
ditiorl at t)lc illrlcr hou(tclrrry  ald tl]c mass accretion rate
A4. All tlw models are lislcd  ill “J’ab]c 1. lo the first column
the modc]s  arc drv]olcd  by 1,2,.. slid  J 1. III colrrmn  2 t,hc
value of LIIC rr viscosity paranlcLcr  is givc[i.  “1’llc nlaxiillulll
cffcctivc  tcmpcraturc  and the mass accretion  rate al)r]car irl
columrh 3 and 4 rcsJ)cctivcly.  SirIce  tllc Inass accretion rate
can change with tirnc and radii, tliis value of M is L}IC con-
stant value givcrl at (,}lc boundary. I’hc }Ialf t,llickncss of tl]c
disc aJ)pcam in column  5. ‘1’tlc radial extend over wllicll tllc
temperature of L])c boundary Jaycr  ctiffcrs  significantly from

the tcrupcraturc  of the disc is the thermal  boundar~ layer,
listed ir, colurn~, 6. ‘1’})e radial extend over w]lich t~lc a,].
gular velocity ili tllc Loul]dary  layer rliffcrs strongly from
tlic Kc],lcrian  velocity ill tllc disc is tllc dynamical boundary
layer, w}iich appears in column 7. lu column 8 it is spccificd
whct,hcr  a thermal boundary layer is seen or not. In column 9
t.}lc innct boundary condition on t},c flux is sl>ccified: (I) de-
notes a rjorl-flux boundary condition dl’/dr  = O, (I 1) denotes
the bour,dary  condition 1; == uljf,, where 7>f~ = 50001{.

Both  vist:osity plcscriptiol)s  (cqs.5-6  and eqs.7-8)  are used
in t}lc calculations and ~ivc the sarnc results. Equation 9 is
used in some models to prevent supersonic radial velocities
to devclc)pj  this is especially useful during the relaxation of
L}IC models toward steady state. OJICC the steady state is
reached, almost all the models exhibit highly subsonic vc-
]ociLics. ‘J’hc substitution v. = 3V is made in some Cmes
durirlg  relaxation, for rlulllmiral corivcrlicncc,

4.1 Tirnc  dcpc~ldcnt  evolution of boundary layers
in YSOS

ttach model is evolved from t}lc initial condition until it
r cac}lcs  a steady-sta(c. ‘l’i{t> dynamical  time T~ is of the or-
der of a day, while tllc viscous time scale TV varies from one
model to another. As iu tlic CIMC of accretion disc bound-
ary Iaycrs in Cataclyslnic  Variab]cs  (Godon 1995a) ,  i t  is
cnoug}[  to follow t.hc cvolutio])  of the rnodcls on a tirnc

I @ A f tcr  a fc w  dyllarIlical tirncs  thc rnodckscale  T  = (r~~u) .

approach steady  state, thm they rwolvc slowly toward t}lc
steady stat e. As arl cxamJJc, irl figure 2a tirnc dcpcndencc

‘t ‘ }J2rrrdr  is slIown of model 4.o f  tllc lunlirlosity I = ~}i~”
It takes a},out  onc week for the model to evolve from t}lc
irlitial conditions to t}lc steady  sLatc sohrtion. In figure 21r
i,llc maxinlurrl cffcctivc  tcm],crat,ure is SIIOWn for model  4 ~q
a function (If time. 1 lcrc  alsc, t})c model reaches steady state
after a week or so. In figu rc 2C the luminosity of model 4
is plotted against its maximum cffcctivc  tcnrpcraturc,  the
circles dcno  Lc the dif[crcrlt  s[!apshots  at which the data has
bccm COIICC{  cd. l’his is of course not a realistic plot in the
1 I-It diagraln,  hut it gives a rough approximation of })OW the
model relaxes from the iuitial condition toward the steady
state. “1’hc luminosity decreases gradually w}lilc the maxi-
mum cffcc(ive  tcm]jcraturc  draws characteristic z shapes.
At t}lis stag~ of t}lc evolution,,  L}IC accuracy of t}tc rnodcl is
of a fcw J}c] cents, w}licll is amply enough for Lhc purpose
of tllc prcsc]lt  study. It must bc stressed that the cvohrtion
of tlLc models  rcquirrs  a ]oL of computation tirrrc, thcrcforc,
t}lc stcac]y  St at,c so]utiorts of sornc models are used M initial
conditions for otllcr  models. For all the models presented
here, t}ic cvo]utior, is sir,lilar to t],c OI]C sllowrl if) figures 2a,
21, and 2c.

ModcIs  with vc]y  low maw arcl ctiorl ra(c  cxllibit  high am-
I)lil udc  oscill;itiorls of ~, c~,cri after tl]cy rcacli t}lc sLcady
stat,c. In figu) c 2d two srla~dlots  of the mass accretion rate
arc shown for model 4. ‘J’hc srla~xhots  are taken aL about
orrc day of in{ crval after the model rcac}ics steady state. ‘J’hc
mortcl cxhibi(s  local nigh am]iitudc variatiorls  of the ma~s
acccction  rate. As for the si ruulat ion of Quasi-periodic Oscil-
lations in Cat ac]ysrnic Variahlcs  (CVS),  Godor,  1995a, LIICSC



.,.
. “

Boundary layers in pre-lnain sequence stars s

arc oscillations tra~>pccf hctwrwn  WC stellar surface and the
rcflcclive  ouler  boundary, sir]cc the inflow boundary con-

cfitiorls  am rcfkctivc. It h.a.s hccn  s h o w n  (Yara.asaki, Kato
ald Jlfi Ilcsliigc 1995) ttlat sucl) oscillations can in fact bc
trapped just inside ttw transition fro~lt bctwccn  the ilmer
hot arid t.lw outer cool regions of accretion discs in CVS and
J,roducc Q1’OS. In YSOs  t,hc ionizatio]l  flout i s  very  small
and carlnot Iwohrrbly traI) such oscillations.
‘1’hc observed Iigllt curves of YSOs vary over a wide range
of ampliturfcs  and timcscales  (SCC for example Saficr 1995,
and tl)e mfcrenccs  t}lcrcin).  ‘1’heir optical light curves have,
iu some cases, a periodic component w}licll can hc explained
in terms of a rotating spotty stellar surface, though good
tcrrrporid sampling is made difficult duc t.cI the prcscncc  of
additional irrcg,ulal components. 1 ‘his can also bc explained
Lry tllc present calculations, whit}) show that low mass ac-
cretion rate discs around YSOS arc prone to exhibit high
am])liturfc local  wu iation of M. Again, as in the case of sin~-
ulatioxw of Q1’OS in CVS, the higl) amplitude variations of
Jl is associated with Oldy very small oscillation in the lurrli-
uosily  (few pcrccll(s at mosL).

4.2 Steady strrt.c solutions of boundary layers in
Ysos

4.2. i Variation of M

‘1’he cfrcct of ir]crcasing A? is first co~isidcrcd as all the pa-
rameters  arc kc~)t co]lstant:  cr == 0.3 and hi = 5 x 10-7,2.5 x

1 0-’,8.5 x 1 0-G and 1 x 10-4 Mc)/y (models 4,5,9 and 10).
‘J’I,c results are sl,own in figures 3a-d (see also ‘1’able 1).
I“or a,odcls  4,5 and 9, the results arc similar: the dynamical
I)ouudary Iaycl extends roug}ily  to 0.1 H,, there is a thcr-
rnal  Imulidary layer of = 0.3 -- 0.5}/. and the half t}lick-
ness of t}lc disc: }1 % 0.1 — 0.15r.  in tllc low mass accrctiou
rate rq,imc (A4 = 5 x 10–7A40/y) the ternpcratum  cxcccds
70001{ on a rcgior]  of roug}lly  0.05 R., consistcut  with the
fitting models of ohscrvcd  ‘l’rJ’auri spectra (llcrtout et al.
1988, 1 larti.gali CL al. 1989, Basri arid llcrtout 1989).  For
the high accretion mass rate (model 10, cor rcspcmding to
FtJ Orirmis mass accrctiou rate) the picture changes drasti-
[illly: tllc dyliamica]  Imuldary  layer iucrcascs  to 0.41?., no
distinct thermal tmur)rfary layer is seen and the }Ialf t.}lick-
ncss of t}ic disc junlps  to 0.4r.  As the mass accretion rate
irlcrcascs, Ll)c rfiaxirnum cfrcctivc  tmmpcraturc r i s e s  f r o m
80001<- (if == 5 x lo-’ Me/y) up to 14000K  (iI = 1 x 10-4),
and as cxl)c~ctcd the spectra iucrcasc  proportio~]alty and shift
to tllc trluc (J@ c 31J) .
‘1’here arc mainly  two kinds of solutirrrm:  the solutic,ns w}lich
exhibit  a tllcr[nal  hourldary  layer comr)oncrlt  and the SOIW
tiorls wit}lout  a t}lcr-rllal I)our]dary layer.

4.2.2 Variation ojff

III ord(, to assr’ss tlowr I}jc srr]utior,s  dcl>clld  or, tkle a viscos.
i ty  ]wamctcr, m o d e l s  a~c com]mtcd witli di{rci~’~lt vahrcs
of cr. Modc]s  2 and 5 }Iavc tllc same nlass accretion rate
hi = 2.5 x 1 0 ”-6 A4c)/y but with a y 0.005 and 0.3 respec-
tively. Models 3 and 8 l,avc  hot]l  M = .5 x 10–GAfo/y but
cr c 0.02 aad 0.06  rcspcctivcly.  I’hc results arc shown in
figures 4a-d. Ilcrc also, there arc clearly two kinds of solu-
tior,s: - a) solutiorrs  witli a suia{f dy,,amical  bou,,dary  layer

and a distiact  thrmnal  bouridary  layer (models 5 and 8),
tllcsc solutions corI csl)orld to rnodcls with a Iargc cr. - h)
solutions wit}) a wide dyl[arllical boundary layer and witll-
OUL tllcrmal  boundary Iaycr (models 3 and 2), these SOIU
tions corrcsporrd to models with a relatively smali  rr. l’he
first kinds c,f solutions arc gcornctr-ically  thincr  (l{/r s O. 15)
tl,an the SC( ond kind (lI/r w 0.3). The solutions with a thcr-
rrlal B]J have a much hlucr .qlcctrum  (but a somewhat lower
luminosity) than the solutions without a thermal 111, (Jigurc
4d). IIcre it is important to stress that for all the models
with a low mass accreticm rate and a flux boundary condi-
tion (denot{:d  by 11 in crrlunlrr 9 of table 1), the luminosity
of the corn} nrted  regions cxc.ecds the accretion luminosity.
‘1’his results is consistent with the picture in which the flux
boundary condition pours eljcrgy into the inrrcr  part of the
disc (Regcv and Bmtout  1995, Godon,  Rcgev  and Shaviv
1995). ‘1’his effect appears to hc much strorrgcr  in YSOs
than in C\~ systems. T’t,is effect is cxarniucd  in more de
tails in the next paragrap}l.  It seems, t}mrcforc,  that this
heating process is further incrca$cd  by a low value of cr.
‘1’ilcrc  appears to bc a tlmcsllold vahrc of a (~.ritic) which
separates t]tc two kirlds  of solutions. In the pr-cscnt calcu-
lations,  for M x 2.5-- 5 x 10--6 M@/u, ~cr;tic  = 0 . 0 4 .  F o r
a < ~critic solutions without a thermal boundary layer arc
ol}taincd;  for a > ac~,~ic  a tllcrmal  houudary  layer a~)pcars
in tllc solubons.  la order to scc lIOW ~cri~ic depends on the
mass accretion rate, onc slmuld rnakc  a parameter study of
tl,c rnodcls. 1 Iowcver, tlic JwcscmL rncthod is time deJ)cndcnt
arlcl is not well suited for a J)aramctcr study (it is highly
C1’U tirnc t onsuming).
in the cxtrcrnc  ca~c of NJ Olionis  stars with a = 1 0-3,10 ”-4
alrd M = 10–4M0/y, the nlodcl  develops a subKeplcriarl
rotation ]aw in all the corli  JmLational domain, UJ) to t}[c outer
b o u n d a r y  (I = 21?.).  F;vcr, ill tl,c cam  I{~tit = 51{, the solu-
tiorl exhibit:.  a rlon-KcJJcriar,  rotation law C1OSC to the outer
houuda[y.  1 lowcvcr,  t}lc outer boundary conditions imposed
arc t}lat of a Kcplcrian  disc, and since the spectral rncthods
arc very serlsitive to wrorig boundary conditions, the model
can not be relaxed toward steady state. Furthcrrnore,  the
nl]mcrica] rx}dc  ~mcscr] ted here is highly CPU tirnc consurn-
irlg, thcrcfor c, the outer boundary can not hc rnovcd  further
oatward  (with tlrc same rcsolutiorl).

4.2.3 Yhc effect oj the jlux  boundary conditions

llkc effects of the iniicr flux boundary condition on the sm
lutions is examined her-c for several modc]s.  Models 6 and
7 have the same values of tllc .yaramctcrs  with a high ac-
cretion maw, rate, but rnodcli’6  has the boundary conditiort
l’, == u7~,,, w}lilc rr,oclcl 7 })as d?’/dr = O. Ilotll  rnode]s  ex-
hibit no thm rnal bouldary Jiiycr  and the difTcrcnt boundary
conditions ir] facL C1O rmt aflcct tlm t-molts. At lower mass
accl.ctioll rate, however, tllc rvwrgy J>ourcd from the star
irlto t}lc }11, is comr,ara})lc  to t}lc accretion cr]crgy.  In Lllis
case crrlc cxr)ccts t}lc soll]tiorls to l>c affcctcd by tl]c boundary

condition. lrl figures 5 the rmults of mc~dc]s 1 and 2 arc corn-
I,arcd: they both llavc a srllall a and t}le same M. Model 1
has no flux } ,oundary  conditiorl,  and has therefore an overall
]owcr tcmprrat,urc  (t]ut a sc,mcwhat h igher  Jmak ternlmra.
turc, c}laracteristic  of a t}lcr rual boundary layer) t}lan model
2.1 ‘he results are slmwn in figures 5a-d. “J’he model with no
flux boundary condition (]) exhibits all the characteristics
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of a solution with a thrmoal  boundary layer. 7%c overall lu-
minosity of mcrcfcl 1 is sluallcr  tllall ill model 2, l]owcver  t)lc
spcctm is relatively blrrcr. Com])arisoll  with figorc  4d shows
tl]at model  1 11.zs a lurllillosity  snlallcr  t,lial) IIIOCICI 5, w}licll
corres~)olids to t}lc same model but wit}l a large c1, a thermal
boundary  Iaycr ald a flux bou]]dary  corldition.

4.2.4 Optically thin models.

For low mass accretion rate (M X 10-”7 A4~/y) and non flux
boundary conditions, very cool sohltions  are obt  aincd. In
these solutions, tllc it]rlcr  ~)art of t}lc disc (the I\ I,) ha a
mid-plane (ccntra])  tcmpcraturc  of a few 104 K, while the
outer part of the com~mtational  domain is charactcriT,cd  by
an extremely low mid-plauc  temperature of a fcw thousands
K ortly. “1’here is a net transition from c)ne region to the otllcr
(see model 11 in figures 6a and (ib).  In (I,c }Iot region the
gas is fully ionimd,  while in tile cool rcgio~l  the gas is com-
pletely ncuf,ral. T’lIc two  rcgior]s arc selmrated l)y a sl]al~)
tral]sitioo  7,011c: t}m ioni7,ation  front. ‘1’lje medium trccomcs
oj)tically  t,l)irj in tllc outer rcgior) just adjacent  to t}lc lor]i7,il-
tion fjo]lt,  w]lilc it is oI,tically  Lllick ever.ywl)ere CISC.  All t}]c
otllcr  Ii IodcIs (1 L}lrougli 1 O) arc II IUCII warnlcr, coror)lctcly
ionized ald optically thick. 1 lowcvcr,  the rwolution of the
c o o l  nlodels  (1 1 arid ot]lcrs  Iiot, .SIIOWII Ilcrc) carlrlot be fol-
lowed for a long time. ‘1’IICSC models arc strongly unstable.
IL is not clear wllal  is tllc exact  source  of t}]c irlstability, but
several  rc~asolls car] bc irlvokcd: t,],crlnal ilistability  froIn t]le
ioni7,ation fronL,  nuu]crical  ir]stability  duc  to tl)c sharp (one
grid J>oillt) transition and ilwtal,iliLy duc to }Iig}l oscillation
of ~ as it] moclc] 4 (nlodcl  1 I is corn] ~uted fronl model  4 ,
try cl]allgirlg tllc il,ncr  boundary co~ldilion).  It is ~lot clear
also w}[c:tl]cr Lllis I[iodd  rcaclicd  a slcady sLatc. orlc sl]ould
thcrcforc  consiricr tllc results of IIlodcl 1 I with restrictions.

5 DISCUSSION AND CONCI.US1ON

5.1 TTauri  sys tems .

Modeling of accretion disc l,oulldat-y layers arourld  ‘1’’l’auri
stars (~ arourd  10- GA4@/y) Icads tmsically to two kirlds of
solutiorls. ‘1’l]c first kind of so]utior]s is obtained for a valoc
of o % 0.1 anti is c}laractcrizcci  l)y a disti~lct thermal bou Tlci-
ary layer coml)oncllt  of cxt,cl]ci AII!T % 0.3 — 0.5, wl}ile tl[c
dyrlamical  bourlciary layer Al{r, x 0.1, a,~d n/r N 0.1 –0.15
(consistent with the results of 1’oI)l,am et al. 1993, but larger
than the values obtained i>y 1,iourc auci 1,C Contei  1994,
l{egcv  and IIcrtout  1995). ‘1’his solution is forthcr  favourcci
WIICIL a ~lo)l-fiux imnl]dary  cor)ciitiorl is iml>oscd at tllc irlllcr
boundary. ‘J’llc  second ki]]rf of solutioIm is olrtaincd assom
iug a small value of a (a w 0.01 ) arid is characterized by a
large ciyr,ainical imun(iary  layer AII!IJ x 0.5 ar[d 11/r N ().3,
~’itllou(, a  disti[lct  (,tlcrrnai  bollrldary  liiyer com~)orlc~]t.  Irl
tl)is case t)m nlaxi[nnll] [reck  cfrcct, ivc tcl[lpcrature  is s~nallcr
and tllc s]wctr[lm  SIIOWS nlllcll lCSS  bloc cxccss  than t,llc first
so lut ion.  ‘J’lm observatirn)s swrn to favourdd}t~lc  fimt ki[ld
of sol[]tiorls witl] a rathm  IIigll value of a, while Inodcling
of l~LJ Orionis outimrsts  (frolll  a quiescent ‘1’’J’aur i star) irl-
fcrs a = 10-3, cllmactcristic  of tllc second  ki~)d of so]utiorls
IIowcvcr,  orrc should  kcc~) ill rui[]d that, tlw  cr viscosity pre-
scription  & arI ad Aoc a.~sunt~>tiorl, and slmuld tllcrc fore be

)/\

considcrc(l  with rcst,ricliorl, II, the limit of low mass accre-
tion rate ( M X 5-- 50 x 10-7 A4~/y) pccli tcmpcraturcs  arc
o b t a i n e d  70001{  < Yj{f, < 11 000}{ or) a small radial cx-
tcmd, consisterit wit]] tllc nlodcls  of ‘1’’1’auri spectra (Bcrt,out
et al. 198S, }IartigaT[ ct al. 1989, Ilawi  arid }Icrtout  1 9 8 9 ,
IIartigarl rt al. 1991, IIouvicr  and llcrtout 1992 and Ik-tout
ct al. 199’1) and steady state calculations (1’opham  et al.
1993). IL further a])pcars  t}lat there is a thrcs}io]d value of
~ (~critic)  which srq~a,atcs t},c two kinds of solutions. For
a > acri(i, solrrticn~;>willl  a ciistinct  thermal boundary layer )1
comi)oncnl  arc ot-rtaineci, while a < ~crltic icads  to solutions
without a thermal boundary layer. 10 the present calcula-
tions ~critic N 0.04 when M x 2.5 — 5 x 10–6A40/Y.  The
flux boun[iary  condition l; = u?:,, leads to hotter SOIU.
tions and conscqucnLly to higlmr values of ~CrltlC than the
non-flux boundary coll[iition  df’/dr  = O.

5 . 2  FU O r i o n i s  systcnw.

lrI the cxl rcme case of 1“[1 orionis systems (with M =
10–4A40/y), also two kinds of solutions arc obtained for the
inner ]~arl of t,hc accrcticjrl disc. ‘1’tlcsc solutions agair) dc-
~,cnd on tlic value of t}lc cr viscosity pararncter. For a % 10– 1
t}le inner disc is Ke],lcrian  (ciowII to a tiny dynamical bourLd-
ar y layer, close to tlic stellar surface) and rcachcs  a rrlaxi-
mum effcc{ ivc tcmIwrat  urc Y’ R 13000 – I 5000K  (see also
l’opllam  ct a l .  1 9 9 3 ) .  Wlwrl [r 25 1 0– 3  tl]e rotat,ion  ] a w
is not any more Kcplc~iaT\  u]) to scvcrai stellar radii (SCC
also I’opham  ct al. 1993) wl]ilc the tcmpcraturc  drops to
,,I H 9000 -- 1000OK (} ’O[>}I?lTII et al. 1993 obtain a flat tem-
],crature  d,stributiou).
IW Orionis  outbursts mo(icling  (Ilcll  and lin 1994 and Ilcll
CL al. 199!)) iufcrs a =  1 0-3 , 10--4, }[owcvcr,  they awurnc
a Kep]criarl  rotation law clowrl to t}lc stellar surface. I’hc
rlon-Kepler ity of the disc, however, is not bclicvcd  to sc-
~ iously afkct tlrc cmsct of tlm outburst or the decay from
c,uttrurst.  hforeovcr,  radial I>rcssurc  profrlcs  during outburst
(~~ % 10-” M@/y) suggest a 2030 pcrccnt  departure of the
ciisc ftc,m l{epierity  (}lcli, r)rivatc  cornrnnication).
Standard disc rnodelirlg of sl,cclra  (Ker]yon, IIartrnanrl and
I Icwctt 1988) derives 1 ‘$’~~’ X 70001{, bascxi on t}lc cffcctivc
tcrnpcrato,  c distributirrr, (1’rir,~le 1981):

(16)

awumirlg a fuliy Kcplcriar~  rotation law down to the stellar
surface. AI I bough tlm modciillg  of the inner part of the disc
is omitted, the above fiat temIwratorc  distribution through
tllc inner r cgion of the ciisc is llowcvcr  consistcrlt with the
otrservcd  q mctra of FU Orion is, thcrcforc  suggcs~iug that a
slI]all value o f  a s]tould I>c adol)tmi ir) LIIC rlurnrn-ical calcw
Miens.

5.3 Opticaiiy thin 111,s irl I)rc-rilain squcnc,c stars.

hfodcls  will[  M H 5 x 10’”7 ME)/y  and non-flux inrrcr  boorrd-
a r y  conditic)n (as well a< niodcls  riot Jmescuted  here  with
if z 1 0- - 7  A{o/u) Cxhit)it  VCJ’Y COO] solutions. “1’hc mid J)ianc
tcmpcraturc  in t}le iorli~,cci }11, rcacllcs  or]ly  a fcw 104 1{,
whiic the rest of disc, corr[J)lctc]y rrcutral, lms a tcm~)cra-
t.ul e of just a fcw 1 03 1{. “1’lic two regions arc sq,arat,cd  by
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B o u n d a r y  iayers i~l]~le-~nairiseque~ice  stars 7
/)a sharp ionization front. In this case the outer region just

actjaccmt to t}lc ionization front bcconrcs  optically thin with
a n  optical  depth  T == ~p}l R 1 0- 1 , consistent with t}lc es-
timates  of ]Icrtout  et a]. (1988), ]Iasri and llcrlout (1989)
and lIa~tigan et al (1989). “1’hcsc  solutions cxhilrit high am-
plitudc  local oscillations of fi during  relaxation and become
unstable. It is not clear whether these models reach steady
state. If’or all tllc cool models colnl~utcd  here, the 1)1. region
is always hot cnougli  to allow ionization  of the FIydrogcn,
thcrcforc  leading to an ionization front always adjacent to
the outer rcgioll  of t}lc thermal 111.. l’hc hotter models (nlod-
els 1-10), which do not exhibit a ternpcraturc below 104K
in t}le computational domain, are expcc:Lcd  to have an ion-
ization front far from the stellar surface, at = a fcw 10 solar
radii (equivalent to x 3 stellar radii, sec also Ilcll ct al.
1995), where the tcmpcraturc  in the disc drops below 1041{.
‘1’his is partly sopportcd by the following consideration. In
figure 7 some of the models arc@raJin Lhc tcmpcrature-
dcnsity  plane, divided in mainly tworcgions: therig}lt part
corresponds to a fully ionized hydrogen gas, the leftp art cor-
responds to ]Icutral hydrogen. The two parts arc separated
by a thin transition region where the garr is partially ionized.
Models l-10 appeal  ii] thcfullyionizcd rcgio~l. Model 11 has
its 111, in the ionizccl part and its cooler disc irr the neutral
l>art, thcsl]aq, ioni~,a~ioll front sprcadsovc rthccntirc  tran-
sition region and is c)laractcrizcd  by ajumpof about onc or-
der of magllitucfc  in hot}) tcmpcraturc  and density. Models
1,4,5,8 and 9 have a disti~lct  thermal boundary layer con~-
poncllt  and arc not very warm. They arc just adjacent to
the partially ionizcxf (unstable) region, tllc  ioniTjation front
is probably located at a fcw stellar radii at most. Models
2,3,6,’7 and 10 arc relatively hotter anti do not exhibit any
tlmrmal boundary layer component. l’hcy arc rnuc}l  farther
from tllc partially ioniy,cd rcgioll,  their ionization front is ccr.-
tainly far from the stellar surface, at some radii r > IOR*
(the density and tcmpcraturc  in the disc change very slowly,
thcrcforc  the outer part of the disc will appear in the plane
as a tiny tail). ‘1’IW heating effect of the inner radial flux
boundarycondition ont}lcsolutions isc]carly sccnas a shift
of the curve ill the llori~,ontal direction.

Inthiswork,orlc-dilncnsional tirncdcpcndc~lt  rlurncricalcal-
culations  of accretion disc boundary layers around young
stellar objects have been carried out, and have shown how
the solutiorm vary according to the values of the a viscos-
ity prcscri~>tior),  the maw, accrctiou  rate and the boundary
conditions. “1’hc prcsclt calculations were limitccl to stahlc
steady state solutions of moderate accretion rate. ‘Iihc diffi-
cult region of tljcuristablc ionization front (partially ionized
hydrogc]lrcgiorl)  wssrcsolvcd forafcw dynamic tinrcs only.
It seems that, ill this rcg,irnc  of tcmpcraturcs,  a more rc-
frn~~rmmcrical rnrtllod  (with an adaptab]c  grid) might bc
nccdcd  to resolve tllc trar) sition rcgiori, arid follow tl~c cvw
Iutionof t}lcinst,al>ility. Wcarcpmscntly wolkil)gtoirnprovc
t}lcprcscrk rnlmcrical code (and tllc l)hysical assurn])tiorls),
and wc Iiopc to hc able to follow the cvolutioll  of tlicsc  urt-
stablc  niodcls.  l{csults will bc publis}lcd  clrwwhcrc.
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FIGUIUW  CAPTION

Figure 1.
‘1’}lc opacity is drawn (in crn2/g) as a funct,ion  of the tem-
perature  (Kclviu)  on a log-log plot, for four diffcrcut  values
of the density p =: 10–6,  10– 7, 10–8 and 10–9 g/cc. The tem-
perature  for which the opacity is computed is the mid-plane
(central) tcmpc,aturc , in most of the calculations the mid-
plar,c tcnlI>craLurc is 7L >2 X 104 K u]) to fcws 105 J { .

Figure 2a.
“1’hc time dc}>cr,dcrit cvcrlut,iorl of tl]c Iuluillosity of model 4 .
The ]unlinrrsity is drawn 011 a log, scale in erg/s.

Figure 2b.
TIIC maximum cffcckive tcnll)craturc  rcachcs  by model 4 is
drawn as a fullctio~l  of time. After a week or so t}lc model
approaches steady state.

F’igurc 2c.
‘l%c  luminosity is drawn against t}lc maximum cfrcctivc  tcnl-
pcraturc  for model 4. ‘1’hc circles dcrlotc  the sna~)shots at
which tllc data has been collcctcd.

Figrwc 2d.
l’wo  snapshots of tllc local mass accretion rate arc sllowJ1 for
model 4. ‘I’l Ic sna]A\ots  have bcc]l  takcl~ at shout onc day of
interval, after the nlodcl  al,~moachcs stcirdy state (OTIC week).
l’hc maw accrctiorl  rate is givc~l irl solal JIIaSS I~cr year, wllilc
tllc radial varial)lc is givcrl i[l units  of stellar radii. nigh an-
plituclc oscillatior,s  of tllc mass accr-ctior) rate aI)l,car locally
durirlg rclaxatiorl of tl]c model toward  st,cady state.

Figure 3a.
I’hc angular velocity log(fl(r)/f2K(r)) is p]ottcd  a,, a func-
tion of the radius Zog(l + IOs(r  – }{. )/Ii.), for four diffcrc~lt
mass accretion rates A4 = 5 x 10-7, 2.5 x 10–6, 8.5 x 10--G
rind ]0–4 MO/y.  ‘1’llc  all>lla viscosity Imralrlctcr is a = 0.3.
‘1’tjc width of tt[c dynamical 1)1, iilclcascs  with illcrcasirlg
mass accl.ctioll  r ale.

Figure 3b.
7’hc  cffcctivc  tcnl~>cratur-c  7L1 ~ is drawl] as a  funct ion  o f
the radius r/R, for four diffcrcr]t marrs accr ct,icrn rates M =
5 x 10–7,2.5 x 10--6,8.5 x 10-6 and 10–4M@/y.  ‘1’hc t,cm-
p.wa  t urr ;.C g; VPW j~> Kc)  vjn. 9’JJc  a)l>Jm viscosity  parameter

is cr = 0.3. As the mass accl ct.ion rate incrc~~cs,  the width
of the  thcri!lal  111, ex~)cllds and ttlc tcmpcraturc  incrca$cs.
In the cxtrcrnc  case h4 = ]()--4  the thcrrnal  111, component
disappears, while the Lcrnlxvat.urc raises up to more tllan
104 I{.

Figure llc.
‘1’hc vcrt,ical extension of tl]c disc 11/r is drawn as a func-
tion of the radius r/R. for four different mass accrct,ion rates
M = 5 x 10””7,2.5  x 10-” C,8.5 x 10 -8” 5 and 10-4  A40/y. I’hc
alpha viscosity parameter is a = 0.3. ‘1’hc vertical t}]ickncss
of the disc increases with increasing mass accretion rate,
however, fo] M = 1 0-4 MO /y t}lc thickness 11 is of the or-
der of r.

Figrrrc  3d.
Black Ilody  spectra of tlw in[icr part of the disc arc shown for
the four different mass accretion rates: ~ = 5 x 1 0–7, 2.5 x
1 0-6 , 8.5 

x 10–6 and 10 -4 M@/y.  ‘1’hc luminosity AF(A)  is
given in erg,/s arid t],c wavclcr,gt}l irl cm on a log-log scale.

l’iigurc 4a.
‘Jihc angulal velocity is ~dottcd  as a function of the radius
(log-log, m i], fig.]). Models 2 and 5 },avc t},c same mass ac-
cretion rates M = 2.5 x 10-”6A4@/y,  wit}i a = 0.005 and 0.3
rcsl)cctively.  Very low values of a (a % 10–2 — 10–3) leads
to a wide dynamical 111, (Itdyn x R.), while solutions with
a s 0.1 – 1 leads to t}l~n dynamical 111.s (Rdv,, % 0.1 R.).
Models 3 and 8 have M =. 5 x 10-6M@/y and a = 0.02
and 0.06 rcsl)cctivcly.  “J’here is a thrcsho]d  value of a (in the
pl cscnt case o’cri!ic X 0.04) for which t}lc solution ‘jumps’
from a tl)in dynamical 111, t,c] a thick one. l’hc two solutions
arc not very sensitive to t}ic exact value of cr, as far as this

. .
value dots riot reach t}lc cntlcal  value acri~ic.

Figure 4b.
‘1’l~c cffcctivc.  tcmpc]  aturc  is ])lot,tcd in Kelvin as a function
of the radius r/it. for models 2,3,5 and 8. Ilcrc  also wc scc
two distincL solutior]s. h40d(ls 2 and 3 for wllicl( cr < acritic,
have  no  scI,aratc  t},crmal  111, coml,oncut,  ar,d arc on tl,c
average hotlcr than models 5 arid 8 for wh]cll a > acritic.

Models 5 al,d 8 have however a hot thermal 111, component
with maxima above the maxima  of models 2 arid 3.

Figure 4c.
‘J’lw vcrLical thickflcss of tlw disc is shown for models 2,3,5
and 8. IIcrt also there is a clear distirlctiorl  hctwccn  Lhc
rnrrdcls wit]] a < crcri~ic (r,,odc]s  2 al,d 3) and tllc m o d e l s
wi~h a > ac.i~ic (models 5 al,d 8).

Figure 4d.
Illack }Iody  .q)cctra  of tllc irlncr  I)art of $IIC disc is shown
for modc]s  2 and 5. ‘1’]]c spectra of nlodc~ 3 and 8 arc simi-
lar but arc ~lot shown for clarity. ‘J’hc models w}lich exhibit
a distinct tl~errrral boundary layer (nlodcls  5 arid 8) have
a much bluer compc,ncnt arid arc lCSS Iumil}ous  than tl,c.

Y
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mocfcls without a Lhcrmal boundary layer (2 and 3). l’hc
lumir]osily ~F(~)  is erg/s and the wavc]cnglh  is in cm on a
log-log scale.

Figure 5a.
T}IC angular velocity for mocfcls 1 a~ld 2. Model 1 has the
t,oundar y corditirm  W ‘/dr = O on the  stellar surface, whi]c
model  2 has l; = a7~J,. In model 2 t}tc sLar pours  rmcrgy
i~lto tllc 111, while in ~nodc] 1 tlkcrc is no influx of cllcrgy  intcj
the inner part of the disc. ‘1’hc dynamical I\]. is much more
extended ill model 2 than in model 1.

Figure  5b.
I’hc cffcctivc  temperature is shown for models  1 and 2.
Model 1 is similar to the solutions which }lave 0> ~.rit:c
but with a more cxtcudcd thermal 111,. Model  2 is similar
to tile solutions w]iich liavc  a < ~~~i*i~.  ‘1’lle effect. of a zero
flux boundary condit ion is  to dccrcasc t}lc  tluw},old value
~.,:~ic and to allow for the formation of a dist,inct thermal
1{1, coml,onclk.

IPigurc  5c.
q’hc  vertical tl,ickncss  of tl)c disc is SI1OW1I for Inudrh  1 ancl
o

Figure 5d.
Illack Ilody  spectra of models 1 and 2. ‘J’hc flux boundary
condition imposed on model 2 leads to a much higher h]
minosity. Model 1 ha$ rclatiucly  a strollgrx  hluc component
than model  2. 1’}Ic lurninosit,y  Al(’(A) is ill e r g / s  arid the
wavclc)lgtll  is irl cm on a log-log scale.

ionized pa? L and the partially ionized part is drawn. “1’hc
line which separates the atoms  from the partially ionized
} I ydrogrm  l,as only bcrx, drawIl partially. Models  2,6,7 and
10 are similar in sl]aI,c tc, model 3. Models  4,8 and 9 arc
similar to lnodel 5. For convcnicncc  not all the models arc
shown. All the curves hirvc  a characteristic ‘V’-s]]apc. The
upper  rigll( extremity of a V-curve corresponds to the stel-
lar surface, t}lc otl)cr  ext) rxnity of the curve corresr,oods
to the outer edge of the computational domain. ‘1’he vcr- (,// /
tical brancli  of a curve cor[-csponds  to the dccreasc  of the +
density in t}le stellar atmos~herc,  which rcacl  ‘a minimum

A

- <“ ‘>

il I the boul  ldary layer rcgior].  1 ‘he horizontal ranch corrc-
sl>onds to a decrease of t})e temperature as one moves from
the thermal 111, to the outer cooler region. The  outer cooler
region has, a large radial extend (r > 1.4R. in most cases)
but appea~ on the graph as a tiny tail on the left extremity ~,
of the curv~., since t}tc density and temperature IJO not vary
very muc}l there. T}Je vertical position of each model on t}lc
plane depcrlds on t}Lc maw  accretion rate, w}lilc the }lorizon-
tal positior, depends on t}lc tcrnlmraturc  of t}]e model. Model
3 rcpresent<s a characteristic curve of a hot solution, without
t}]crrual bclundar-y  layer colnponcnt.  Model 5 rqmcsrmts a
cllaractcrisl  ic curve of a solution which exliibit,s a t}lcrmal
boundary layer component .  Mcrdcl 1 ha= been ol,tai!lcd  by
ilnposirlg a non-flux bouldary condition on model 2, whic]l
appears ori tl]c gral]h m a sllifL of a hot solutior] (3) toward
the ionization line (log(?’)::4,  model 1). Similarly, rnodcl I I
has been olkained  by imposing a norl-flux bounrfary  condi-
tion on model 4, which appears on the graph as a s}lift of the
so]utiori  (5) to the neutral region of the plane (model  11).
1 lic curve of model 11 has I>cc[, separated in four- parts (by
drawing sn, all vertical lines). I’l)c extreme left pa] 1 of the
curve corrcy~onds  to tljc oute[ cool region. ‘l’lie middle left
~)art corrcsl,onds  to the Sl]arl) t] ansition region. ‘1’tle middle
right part corrcs~)orlds to t}lc thermal 111, region. ‘J’}Ic cx-
trrmc  rigll( part corrcs~>onds to the stellar atmosl,}lcrc.

Figure 6a.
‘1’hc mid -plane (central) temperature is shown for model 11.
‘llc tc:n~,cratum.  is given in Kelvins  and the radius in stel- ‘J’ABLE C:AP!l’ION
Iar rarfii. ‘J’t,c ionization front is locat,cd arour,d  r ~ ] .351?.,
b e y o n d  tl]is I,oirlt (,lIc tcrtl])craturc  drol)s to a few t}low ~ able 1.

salds K (tl]c  gas is contr>lctcly  ncu Lral), wllilc in t})c thermal
boundary layer region (r < 1.351{, ) tlic tcm]mraturc  reaches
2 x 1 041{ (fully iorliz,cd  gas).  In t}lc very illrlcr I,art of the
}11. (r < 1.1 II!. ) tllc tclnpcrature  irlcrcases furtl]cr  inward as
one approaches tlw stellar surface.

Figure 6b.
‘1’hc v e r t i c a l  t}]ickncss  of t}lc d isc  11 = c,/flK is showri
for rnodcl 11. III tllc tlicrtnal  bouTldarY layer t}lc t]lickrlcss
rcaclws  (). 15r w}lilc in tlm outer  cool regio]t it d[ol)s  (,0 0.05r.

Figure 7.
Models 1,3, 5 and 11 arc drawn in a derlsity-tcrllr)cratllr(~
diagram (log-fog scale). I’lle plane is divided irl tt]rcc re-
gions. Ir, tlw right part of the plane t}lc ]Iydrogen  is fully
ionized. In the left part the 11 yd[ ogen is lmut r-al (atonis).
While in the irltermcdiate  region, I Iydrogrm  is l,artially  ion-
ized. For  cor~vcriicr[cc  orI{y Llic  li[lc wliicll sci]alatcs  tlIc fully

Elcvcr) different models have bcxm cornlnrtcd arid arc
listed irl the table. I’he ir,itial iT]l)ut l,aramctcrs  of tl,c models
are the a viscosity l)aramet m (column 2) and the mass ac-
cretion ratf  (colurnr[ 4). ‘1’}icre at c two different inrlcr bound-
ary conditions on the teml)craturc  (column 9): (I) rlorl-flux
b o u n d a r y  (onditiol,  &l’/dr  = O, (11) IJ~ = U7:,,, w h e r e
2’~ff =- 50001{.  “J’hc half t},ickucss  of the disc 1[ aI)pcars in
column 5, (lIC radial extend of tllc tllcrnlal bourldary  layer is
givcrl irl column 6 while tllc radial cxtmlds  of the ciy[lamical
boundary  layer is givcrl ill [c)lumri 7. ‘1’}lcrc arc r[lail,ly two
kinds of solutions: solutio[w wl[ich exhibit a disLirlct  t}mr-
nlal boundmy  layer conlr>nlwrd  and solution” wliic}i do not
cx}libit  any com])or,crlt (colnnlri 8). 4 h
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( 1 ) (2)
rnodcl  a

1 0.020
2 0.005
3 0.020
4 0.300
5 0.300
6 0.015
7 0.015
8 0.060
9 0.300
10 0.300
11 0.100

(3)
~lejj

Max
<1{>

9100
7950
8200
8300
10500
8000
8000
10100
11700

14000
7300

(4)
‘il

< A4@/y >

2.5 X 10 - -6

2.5 X 10--6
5.0 x 10–6

5.0 x 10-7

2.5 X 1 0-6

1.5 X10-5
1.5 x 10-5

5.0 x 10-6
8.5 X 1 0-6

I.O X10-4
5.0 XI O-7

(5)
i i / r

0.18
0.25
0.26
0.10
0.11
0.30
0.30
0.12
0.1’2
0.40

0.05-0.12

0.8

0.3
0.3

0.5
0.5

0.4

0.20
0.50
0.50
0.10
0.10
0.40
0.40
0.10
0.10
0.50
0.10

(8)
distinct

therrna] 131.

yes
n o

n o

yes

ycs

n o

n o

yes

ycs

n o

yes

(9)
boundary

condition

I

11

11

11

11

I I

I

11

11

II

I
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